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Figure Page The satisfactory cancellation of two-dimensional shock waves was demonstrated at UAC in 1951 (Ref. 3) by using a wall with discrete openings drilled normal to the test section walls. In these studies, optimum results were obtained with walls In which the ratio of open to total area was 22 percent. Later studies at the Ohio State University (Ref. 4 ) and the Arnold Engineering Development Center (AEDC) (Refs. 5 through 8) demonstrated the effectiveness of walls of this porosity in the cancellation of the bow shock from a three-dimensional model as well. These studies were used as a basis for design, and the initial set of walls for the 16-Foot Transonic Circuit of the Propulsion Wind Tunnel (PWT) at the AEDC was fabricated with this geometry (see Ref. 9) .
In an effort to improve the expansion wave cancellation qualities of the 22-percent normal hole wall, investigations were initiated in the 1-Foot Transonic Tunnel at the AEDC in 1954. These studies led to the development of a wall of 6-percent porosity in which the perforations were slanted 60 deg from the normal. As shown in Refs. 10 through 13, significant improvements were attained in the reduction of the expansion wave reflections from the test section walls while good compression wave cancellation properties were retained, particularly at Mach numbers near 1.20.
Work was continued in the Mach number ranges from 0. 95 to 1.15 (Refs. 14, 15, and 16) and above 1. 20 (Refs. 17, 18, and 19) to determine the porosity requirements for the slanted hole wall at other than a Mach number of 1. 20. These requirements were shown to decrease below a Mach number of 1. 20 and increase above this Mach number.
An effort was then made to reduce the Mach number dependence of the wall by the use of slotted holes. This report presents the results of this effort as well as a summary of the previous studies conducted at the AEDC.
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The theoretical studies performed during the AEDC investigations were primarily concerned with predicting the wall characteristics required to provide an interference-free boundary. In the course of these studies, interference-free pressure distributions were obtained on various models to serve as a basis for the evaluation of the test results. Some theoretical work was also done in predicting the characteristics of walls of various hole shapes. This information was used as a guide in the selection of the various wall configurations to be tested.
REQUIRED WALL CHARACTERISTICS
To obtain the required characteristics of the test section walls, the flow fields about the experimental test models were first calculated. Characteristics were then obtained by calculating the flow conditions along a line parallel to the free-stream flow direction at a distance from the model corresponding to the position of the wall. An approximation of the required characteristics at transonic Mach numbers was obtained in Ref. 16 for a parabolic-arc body of revolution using supersonic linearized theory. The results for a model of 2. 8-percent blockage are shown in Fig. 3 . In both Figs. 2 and 3 the slope of the curves decreases as Mach number is increased.
PREDICTED CHARACTERISTICS OF PERFORATED WALLS
Various investigators have made analytical studies of the flow through perforated walls in an effort to predict their behavior (see Refs. 13, 18, 20, and 21) . These studies have met with limited success, however.
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because of the many parameters, such as the boundary layer thickness, hole shape, and wall thickness, which influence the flow through the walls. In general, therefore, it has been found necessary to obtain the actual wall characteristics by experimental means such as presented in a later section on experimental wall characteristics. In some cases it is possible to obtain a qualitative picture of the test results from the theoretical studies. This is exemplified by the reasoning which led to the use of the slotted hole. With the assumption that the perforated wall acts as a series of wings at a small angle of attack, as suggested in Ref. 20 , the Mach number dependence of the wall was essentially eliminated by use of the slotted hole, as will be discussed later in this report. the test sample. Flat plate orifices were used in the secondary plenum chamber evacuation line to measure the total flow rate through the sample. Mach numbers up to and including 1.0 were established in the test region with a sonic nozzle in conjunction with auxiliary suction. Supersonic Mach numbers over the test sample were established with a flexible Laval nozzle and suction. The boundary layer thickness approaching the test sample was held constant by convergence of the top and bottom test section walls.
REFERENCE PRESSURE DISTRIBUTIONS

At
The cross flow characteristics are presented as plots of pressure coefficients versus the flow deviation angle at the test specimen. The pressure coefficient, <C p ) , was obtained as a difference between free-stream static pressure and the static pressure in the secondary plenum chamber divided by the free-stream dynamic pressure. The flow deviation angle, 8, was obtained as a ratio between the rate of flow per unit surface area of the test sample and the rate of flow per unit cross-sectional area of the free stream.
The wall characteristics for the normal, slanted, and slotted hole walls are shown in Figs. 6 through 8, respectively. The significant features of the characteristics are pointed out in the following paragraphs.
The characteristics of the normal hole wall (Fig. 6) show that a slight outflow (positive 0) is obtained with zero pressure differential across the wall. The wall offers more resistance to outflow from the test section than for flow from the surrounding plenum into the test section.
The most pronounced effects of slanting the perforations through the wall (Fig, 7) are first, to shift the characteristics to where outflow is maintained with a pressure coefficient as low as -0. 04 and second, to increase the resistance to inflow to values more nearly required for expansion wave cancellation. A definite Mach number effect on the characteristics is noted for both the normal and slanted hole configurations.
By slotting the holes in the direction of the airflow (Fig. 8) , the Mach number dependence of the wall is essentially eliminated. The resistance to outflow, however, is greater than the resistance to inflow.
COMPARISON OF REQUIRED AND EXPERIMENTAL WALL CHARACTERISTICS
Comparisons of the required wall characteristics for a 2-percent blockage, 20-deg cone-cylinder model with the actual characteristics of the 22-percent normal, 6-percent slanted, and 10-percent slotted hole walls are shown in Fig. 9 is apparent in Fig. 9 . In the range of Mach numbers from 1. 2 through 1. 5, the shock cancellation properties of the wall were satisfactory. Above a Mach number of 1. 30, the expansion wave cancellation properties of the wall were also satisfactory. At a Mach number of 1. 30 the effects of a disturbance from the reflection of the expansion wave are noticeable, and the effect becomes significant when the Mach number is decreased to 1. 20.
EFFECTS OF WALL POROSITY
The effect of porosity on the cancellation properties of the normal and slanted hole walls is presented in Fig. 13 . It is apparent that the character of the reflected disturbances can be changed significantly by a change in the effective wall porosity. The results show that the porosity requirements for acceptable shock cancellation with the normal hole wall (Fig. 13a) vary from 22 percent at a Mach number of 1. 2 to 20 percent at a Mach number of 2. 0. The optimum porosity for expansion wave cancellation in turn varies from 12 percent at 1. 20 to 22 percent at 2. 0. For the slanted hole wall (Fig. 13b) , optimum wave cancellation is obtained with a wall porosity of slightly below 3 percent at a Mach number of 1. 05, 6 percent at 1.2, and slightly below 12 percent at 2. 0.
EFFECT OF WALL ANGLE
Typical effects of wall angle on the cancellation properties of the slanted and slotted hole walls at a Mach number of 1. 30 are shown in Fig. 14 . From these results, it can be seen that the character of the wave reflections can be altered significantly by wall angle changes.
DISCUSSION OF RESULTS
In the preceding sections, an attempt has been made to indicate the more important parameters which affect the wave cancellation properties of perforated walls. The effective porosity of the walls to both inflow and outflow is of course of prime concern, and it was shown that walls of various geometries can be made to produce either the proper outflow or the proper inflow conditions at any particular Mach number.
For a normal hole wall, the proper porosity for shock cancellation differed significantly from that required for expansion cancellation at any one Mach number. This situation was shown to be manageable with a
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slanted hole wall at any one Mach number, but the porosity of such a wall had to be varied to obtain satisfactory shock cancellation results over a range of Mach numbers. Finally, tests of a slotted hole wall indicated some improvement in shock cancellation over a small Mach number range but not nearly enough to satisfy the requirements over the wide range of operation of the PWT. This later wall also appeared to lack the expansion cancellation properties of the slanted hole wall at the Mach numbers below 1.30.
Some measure of control of the cancellation properties of a fixed wall configuration is seen to be available by use of wall angle position. The effect is attributable to the differences in the boundary layer thickness at various wall angles and was first pointed out in Ref. 3 . The range of control, however, again is not as large as required.
The walls for the PWT circuits, as a result of the AEDC Btudies, are of the slanted hole variety. A porosity of 6 percent was chosen for the transonic circuit test section walls, whereas for the supersonic circuit a porosity of 11 percent was selected. Since these walls are most effective at Mach numbers of 1. 3 and 2. 0, respectively, some measure of wall interference must be accepted at other Mach numbers. A variation in wall angle can be used to minimize this interference. Small discrepancies in the data in the overlapping test range at Mach numbers from 1. 5 to 1.6 must also be expected.
The results with the slotted hole indicate that the wall characteristics can be made independent of the free-stream Mach number. Although encouraging, the wave cancellation properties of the wall are not considered superior to those with the slanted hole wall. A greater resistance to inflow is required at the lower Mach numbers. It is also believed that some method of retaining the pressure recovery characteristics of the slanted hole wall, wherein outflow is maintained at negative C p values, is required at Mach numbers below 1.30. 
